We try to deploy the retinal fovea to optimally scrutinize an object of interest by directing our eyes 12 to it. Horizontal and vertical components of these fixation eye movements are determined by the 13 object's location. However, fixation eye movements also involve a torsional component, which 14 according to Listing's law is fully determined by the 2D eye position acquired. According to Von 15 Helmholtz knowledge of the torsion provided by this law alleviates the perceptual interpretation 16 of the image tilt that changes with fixation, a view supported by psychophysical experiments he 17 pioneered. We address the question where and how Listing's law is implemented in the visual 18 system and we show that neurons in monkey area V1 use knowledge of torsion to compensate the 19 image tilt associated with specific eye positions as set by Listing's law. 20 65
Introduction 21 We explore a visual scene by a sequence of saccades and brief moments of fixation. According to 22 Listing's law 1 , the movements of our eyes from one position to the next are rotations around an 23 axis that lies in a plane, whose orientation relative to the head is determined by the starting position 24 of the eyes 2 . In the specific case of the eyes starting from straight ahead, i.e. from the primary 25 position, this plane has a frontoparallel orientation and is usually referred to as Listing's plane. 26 The consequence of this principle is the emergence of an amount of torsion of the eye around the 27 line of sight (false torsion) that is a function of the horizontal and vertical deviation from straight 28 ahead, independent of the starting position of the eyes 1-3 . The amount of false torsion is zero for 29 fixation positions on the horizontal and vertical head-centered meridians and significant for 30 positions on or close to the diagonals where it grows with eccentricity ( Supplementary Fig. S1 ). 31 For instance, fixating at (35°, 35°) will be accompanied by around 15° of clockwise false torsion 32 relative to the primary position. Although the false torsion will inevitably rotate the image on the 33 retina and thereby rotate the world vertical relative to the retina vertical, we do not perceive a 34 tilting world and in general, are not aware of any retinal consequences of this eye torsion 2,4 . Based 35 on afterimage experiments 2 , Hermann von Helmholtz, to whom we owe the detailed elaboration 36 of Listing's law, could show that this is a consequence of a perceptual reinterpretation of the image 37 orientation, based on knowledge of the amount of false torsion [4] [5] [6] [7] . It is the integration of this torsion 38 prior into the perceptual interpretation of retinal images that allows us to warrant the stable 39 perception of object and world orientation when exploring visual scenes. Here we show that the 40 perceptual interpretation is taking place at area V1 as its neurons preferred orientations and 41 receptive field (RF) shifts with respect to the retina in order to compensate for false torsion in a 42 way that explains the monkey's recorded perception. 43 
Results

44
Monkeys' perception accounts for false torsion 45 We wanted to know where and how information on false torsion is integrated into the processing 46 of the retinal image in the visual system at the level of single neurons. To answer this question, we 47 resorted to macaque monkeys as they explore scenes like humans shifting fixation from one 48 position to the next, therefore burdening also their visual system with false torsion-based image 49 rotations [8] [9] [10] [11] . In order to clarify if they are able to perceptually compensate the resulting retinal 50 image tilt like humans, we trained one of the two monkeys (M1) on a two alternative forced choice 51 task in which he had to decide if a slim line (14° visual angle length centered on the fixation dot) 52 was tilted clockwise (cw) or counter-clockwise (ccw) relative to the external world-centered 53 vertical with the head immobilized upright via an implanted head post (Fig. 1A) . The line whose 54 tilt was randomly selected from a set of tilt angles (method of constant stimuli) was present during 55 1 sec-periods of stable fixation (eye position within a window of 1° × 1°). After this period both 56 the line and the fixation dot disappeared and two response targets, one on the left, the other one on 57 the right side appeared, prompting the monkey to saccade to the right in the case of perceived cw 58 tilt and to the left for perceived ccw tilt. In order to facilitate understanding the behavioral 59 requirements, we added a visual reference line aligned with the world vertical in the early phase 60 of the behavioral training (for details see Online Methods). In these "training trials", the monkey 61 quickly attained a high and reliable level of performance: whenever the tilt exceeded 6°, the 62 monkey reported the correct tilt direction in >90% of the trials and responded at chance level (50%) 63 when the line tilt was around zero (Supplementary Fig. S1B ). This chance level point-the point 64 of equal selection (PES)-served as a measure of the monkey's subjective visual vertical (SVV) in this was indeed the case. The monkey was given a reward whenever he correctly reported the line 69 tilt for angles exceeding 6° in either direction but was rewarded at random, independent of his 70 perceptual decision, for angles smaller than 6°. The latter trials ("test trials") were always few (10-71 15%) and randomly interwoven into the other trials. SVV measurements were based on the test 72 trials and were carried out for three different gaze positions: central (0°, 0°), upper right (20°, 20°) 73 and upper left (-20°, 20°) with respect to straight ahead. These gaze positions were acquired by 74 presenting the fixation point on one of three monitors, positioned tangentially on a virtual spherical 75 surface (radius 107 cm) centered on the midpoint between the monkey's eyes (Fig. 1A) . When M1 76 gazed straight ahead, the SVV was 89.37° (95%, confidence bounds (conf. b.) 89.36, 89.39), i.e. 77 deviating only slightly, yet significantly (p<0.005, t-test) from the world vertical in a cw direction 78 ( Fig. 1B) . When the gaze was shifted to the upper left, the eyes rotated significantly by 5.1° (95% 79 conf. b. 5.08, 5.12, pooled across days and both eyes, Supplementary Fig. S3 respectively. Each monitor was equipped with two cameras, one facing the left eye, the other one the right 106 eye, providing eye snap shots used to determine the amount of false torsion. Upper illustration: sequence 107 of psychophysical tests in a typical daily experimental session probing the monkey's SVV. The fixation 108 target appeared on one of the three monitors and the monkey had to report the orientation of the test line 109 relative to a vertical reference line (not shown) or relative to his internal reference (i.e. the SVV) by making 110 an indicative saccade at the end of a trial. At the end of a block of trials the target and the test line jumped 111 to another monitor. Note that a black circular aperture (indicated by the colored circles) covered the monitor 112 edges (indicated by the grey rectangle) in order to eliminate any external orientation cues. B Plot of monkey 113 M1's decisions on the orientation of the test line (in the absence of a visual reference) as function of the 114 true test line orientation. The plot is based on all daily experimental sessions including around 28,000 trials. 115 The colors distinguish data for the three monitors/gaze directions (green: upper left monitor, blue: upper 116 right, red: central). The chance level point (50% right vs. left choices, the point of equal selection (PES)) 117 was taken as a measure of the monkey's subjective visual vertical (SVV). Note that the SVV for the upper 118 left monitor is shifted slightly in a counter clockwise direction, and for the upper right monitor in a 119 clockwise direction with respect to the SVV for the central monitor. The SVV differences between 120 monitors/gaze directions are minimal compared to the differences in false torsion whose range is pegged 121 by the short vertical green and blue lines indicating eye torsion for the upper left and the upper right monitor 122 respectively. 124 After having established that monkeys' perception of image tilts due to false torsion corresponds 125 to that of humans, we embarked on a search for its neuronal correlate. In order to explain the 126 percept, the neuronal correlate should reflect the extensive, yet not complete transformation of 127 visual orientation responses from retinal into world-/head-centered coordinates based on the 128 integration of information on false torsion. We assumed that this integration could take place 129 already at the level of area V1 in view of the exquisite sensitivity of V1 neurons to the tiny changes 130 in object image orientation and position as resulting from false torsion. 131 To critically test this idea, we compared the receptive field (RF) positions and preferred 132 orientations of V1 neurons for at least two and in many cases for all of three gaze orientations 133 studied in the psychophysical experiment on the SVV of M1. This comparison was carried out in 134 M1 and a second monkey M2, for whom we did not attempt to collect perceptual data. Gabor gratings centered on the neuron's RF, whose orientation was varied at random in steps of 138 2°. The size, spatial frequency and duty cycle of the grating stimuli were adapted to the needs of 139 the individual neuron (see Online Methods for more details). The tuning curves in Fig. 2A OUIs smaller than -1 erroneous shifts of the orientation preference in a direction opposite to the 163 one allowing compensation of eye torsion. Figure 2C plots the distribution of the OUI for the 129 164 neurons recorded from M1 and M2. Pooling the data obtained from the two monkeys seemed 165 justified as individual distributions did not differ significantly (p=0.43, Wilcoxon rank sum test). 166 The pooled distribution is quite broad with two peaks, a larger one close to zero and a second one were derived from the latter by integrating information on eye torsion, one might assume that it 172 should be the former one that is responsible for the percept. Given the fact that the former mode 173 peaks very close to zero one would expect a perfect percept, i.e. a SVV not deviating from the head- 231 On closer inspection, it is noticeable that the population curve for gaze straight ahead is slimmer 232 than the curves for the two eccentric gaze directions. This impression is supported by a 233 quantification based on an orientation sensitivity index OS, which compares the discharge strength 234 for the preferred orientation relative to the orthogonal one (OS= (preferred orientation-orthogonal Torsional eye movements not only rotate the object image relative to the retinal meridian but also 294 translocate the image if located outside the center of rotation. In order to warrant spatial stability, 295 the RFs underlying the representation of the object should move relative to the retina in a fully 296 compensatory manner. For 99 of them, 52 from M1 and 47 from M2, we were able to obtain 297 detailed RF maps resorting to a reverse correlation approach (see Online Methods) not only for 298 the straight-ahead eye position but also for at least one of the two eccentric gaze directions, in 299 many cases for both ( Supplementary Fig. S4A; Supplementary Fig. S10A and B) . We quantified (Fig. 4) is broad with most values located between RFUI of 0 and -1. However, rather than 305 being uniform, it exhibits two distinct modes, well fitted by a sum of two Gaussian models (see 306 the figure legend for details), a smaller mode peaking close to 0 and a larger one, peaking at -0.66. 307 Whereas the former can be associated with head-centered coding, the latter mode is intermediary 308 between the two frames of reference, formed by neurons that exhibit varying degrees of partial 309 consideration of eye torsion. Note that these results cannot be influenced by possible differences 310 in the quality of fixation on the three monitors as there were none: when plotted in monitor 311 coordinates the mean fixation positions for the three monitors were the same for eye position data 312 sampled together with the neuronal data (Kruskal Wallis ANOVA with the factor gaze direction, 313 p= 0.12 and p=0.39 for horizontal eye position for M1 and M2 respectively, and p=0.11 and p=0.39 314 for vertical eye position for M1 and M2 respectively). Also the eye position variance for the three 315 monitors did not differ significantly (p= 0.14 for M1 and p=0.37 for M2). Gaze direction-316 dependent changes in eye torsion affected the angular position of RFs, yet did not change their 317 eccentricity. Accordingly, we did not find any change in mean eccentricity of RF locations with 318 gaze direction (Supplementary Fig. S11A ). Finally, gaze direction-dependent changes in eye 319 torsion can be expected to affect the orientation preference and the angular position of its RF in a 320 yoked manner. That this is indeed the case is supported by the fact that the amount of RF updating 321 correlated significantly with the orientation preference shifts recorded from the same neuron 322 ( Supplementary Fig. S11B ). temperature, heart rate, blood pressure, pO2, and pCO2 were continuously monitored. 398 Postoperatively, buprenorphine was given until no sign of pain was left. Animals were allowed to 399 fully recover before starting the experiments.
123
V1 neurons compensate diversely for false torsion
V1 activity reflects perception of orientation
400
Single-unit recording 401 Extracellular action potentials were recorded with commercial glass-coated microelectrodes 402 (Alpha Omega Engineering, impedance at 1 kHz: 0.5-1 MOhm). We inserted the electrode 403 through the intact dura. We stopped advancing the electrode when it reached the brain and left it 404 at that position for around 30 minutes to give the tissue a chance to relax after the penetration. 405 Thereafter, we advanced very slowly (1 mm/h) to give the tissue sufficient time to adjust to the provided by an accelerometer system attached to the monitors (Analog Devices Inc., dual axis 428 accelerometer ADXL203EB), allowing us to sense misalignments at a resolution of ±0.1°. 429 Importantly, the alignment of monitors was checked and -if necessary-adjusted before each 430 experiment. We measured the monkeys' horizontal and vertical eye position using a self-made 431 search eye coil system supporting a sampling rate of 1,000 samples/s. The search coil signal was 432 calibrated using the known position of a white fixation target dot (diameter 0.48°) that appeared at 433 random on the monitor in one out of nine positions defining a 3° × 3° grid centered on the monitor. 434 Monkeys were asked to maintain fixation at each target for approximately 1 second in order to get 435 a liquid reward and then to proceed to the next cued location. Targets were visible for 2 seconds 436 and had to be fixated successfully at least three times. The data acquired was subjected to a 437 regression analysis that considered linear, quadratic and mixed term dependencies in order to 438 predict eye position based on the search coil voltage. In order to characterize the features of a 439 neuron, after successful calibration the monkeys had to fixate the target (diameter=0.03) presented 440 in the center of the central monitor for at least 10 minutes in total to allow us to map its RF and to 441 assess its orientation preference. Fixation was considered acceptable if gaze stayed within a 1°-442 fixation window for 3 seconds. In this case the monkey was rewarded with a drop of juice or water, Supplementary Table S1 for more details) with no difference in the average eye position and 455 its standard deviation for fixation on the three monitors. 456 SVV task 457 The visual stimuli were presented within circular dark apertures (diameter=16.5°), centered on the 458 monitors, to prevent M1 from using the orientation of the monitor edges when judging the visual 459 vertical (Fig. 1A) . M1was trained to report the orientation of a tilted line with respect to the 460 head/gravity vector. A trial started with a period in which M1 had to fixate a central dot (radius 461 size 0.03°; fixation window 1°) for 800 ms, next a line (14° visual angle length, 0.8° width) with 462 varying orientation was added, centered on the fixation dot. Continued fixation was required. After 463 1 second, this "test" line and the fixation dot disappeared and two targets, left and right respectively 464 of the monitor center appeared for 700 ms asking the monkey to make a saccade to one of them, 465 depending on the perceived orientation of the line. After that a bright, homogenous background 466 was introduced for 500 ms to erase the afterimage of the line. The left target was associated with 467 counterclockwise (ccw) line tilts relative to the gravitational vertical and the right one with 468 clockwise (cw) tilts. In the beginning of the experiment, a reference line (16.5° length and 0.8° 469 width) indicating the gravitational vertical was available throughout the trial to help the monkey 470 to understand the relationship between the test line tilt direction and the two response targets. In 471 these training sessions, in which stimuli were usually only presented on the central monitor 472 (Supplementary Fig. S2) , the monkey's performance was excellent (>90%) for tilt angles of 6° 473 or larger. For smaller tilt angles the accuracy of judgments decreased proportionally with the 474 decrease in tilt angle until it reached the level of chance performance of (50%) for line tilts very 475 close to zero (Supplementary Fig. S1B ). At this point of subjective equality (PSE) the monkey 476 obviously guessed, as he was no longer able to detect a consistent tilt. After several weeks of 477 training we started presenting the test line without the reference line in test trials randomly 478 interleaved with the training trials (see Supplementary Fig. S2 for information on proportions) 479 since the monkey seemed to have understood the need to base tilt decisions on a more general 480 concept of the vertical. Whereas in the training trials the monkey was rewarded for correct choices, 481 in the test trials a reward was given for correct choices in trials with tilt angles (relative to the 482 gravitational vertical) exceeding >6° to either side as the monkey did not have any problems in 483 detecting the true tilt direction, even though the reference line was missing. For smaller tilt angles 484 <6°, rewards were provided at random on average in 50% of trials, independent of choices. There 485 were always only a few trials with smaller tilts (10-15% of the test trials) in order to ensure that 486 the monkey's concept of an association of decisions (and rewards) on perceived line tilt would not 487 be jeopardized. After several days, training trials could be fully omitted as M1's responses to test 488 trials suggested reliable perceptual reports of SVV (Supplementary Fig. S2A) . At this point, we 489 also started to test the monkey with stimuli presented on eccentric monitors. Responses were 490 collected in blocks, usually starting with the stimuli presented on the central monitor, followed by 491 the eccentric ones, pseudo-randomizing the order of the upper left and the upper right monitor 492 ( Fig. 1A, Supplementary Fig. S2C, and D) . for the sake of simplicity-we ignore the well-established fact that neurons preferring orientations 511 corresponding to the cardinal axes are overrepresented, therefore collectively offering a better 512 signal-to-noise ratio, a fact that explains the psychophysical oblique effect [13] [14] [15] . The estimate of the 513 retinal orientation is given by the likelihood function P( � │ ). 514 The observer's vote on the orientation of the object relative to the head � ℎ is the consequence of 515 updating the retinal estimate of visual orientation � by the extra-retinal estimate of false torsion 516 ( � ), given by the likelihood P( � │ ). As said earlier, it assumes that eye torsion noise 517 increases monotonically with increasing deviation from zero eye torsion according to = 0 + 1 518 · where 0 is the baseline noise associated with zero torsion and 1 the noise component scaled 519 by eye torsion relative to zero torsion. The psychophysical data collected from M1 suggested that 520 the torsional position associated with gaze directed at the straight-ahead monitor deviated slightly 521 from zero torsion in the ccw direction. Hence, when looking at the left monitor the absolute 522 torsional deviation from zero torsion was larger than when looking at the upper right monitor and, 523 consequently, also the eye torsion-dependent noise component 1 · larger for the left monitor. In 524 other words, the torsion bias is taken into account by the model. 525 The estimate of the head-centered object orientation � ℎ is given by the likelihood function P( � ℎ │ ) 526 with P( � ℎ │ ) = P(− � │ )· P( � │ )· P( ). 527 The negative sign inverting � accounts for the fact that cw eye torsion causes ccw image rotation 528 and vice versa. Note that P( ) =1 as we do not make any assumption on mean eye torsion. We take 529 the maximum of the posterior probability P( � ℎ │ ) function as measure of object orientation 530 relative to the head, i.e. ℎ =max (P( � ℎ │ ) ). 531 The relevant parameters were optimized by fitting the model to the three psychometric functions 532 collected from M1, applying the Matlab function fminsearch, which is using the Nelder-Mead 533 method, a multidimensional unconstrained nonlinear minimization method. The results are 534 summarized in the legend of Supplementary Figure S9 . We used a bootstrapping approach to 535 estimate the reliability of the fit to the data. To this end, we fitted the model to randomly chosen 536 7,000 SVV measurements (with replacement) for each monitor. We repeated the procedure 100 537 times.
538
Characterizing the RFs of V1 neurons 539 Testing individual neurons involved mapping their RF at high resolution, in most cases for all three 540 gaze directions, but at least for two directions, while the monkey's gaze stayed within a fixation 541 window of 1° × 1°, centered on a 0.03° fixation target. RFs were determined by resorting to a 542 reverse correlation approach 18 , which was based on probing parts of the visual field of interest 543 with a flickering bright little squared dot (0.1 × 0.1°, contrast of 95%). The stimulus was on for 50 544 ms, followed by 50 ms of darkness and then reappeared in a new, randomly selected location, not 545 overlapping with the preceding one, within a window of 3° × 3°, the latter centered on the expected 546 location of the RF. Each element within the window was stimulated at least six times. The 547 responses to the six runs of stimulus presentations were used to generate maps of the probability 548 of dot presence within the window a certain time before the firing of an individual action potential 549 (see Supplementary Fig. S10A) . The temporal delay associated with the probability map that 550 showed the highest peak when averaging the number of evoked action potentials across the y-axis 551 was taken as the optimal latency for the stimulated neuron. The characterization of optimal 552 latencies was carried out for each gaze direction without observing consistent differences in 553 latencies between directions (1-way ANOVA, p>0.05). The probability map with the optimal 554 temporal delay was taken as RF map, in which RF boundaries were delineated. After smoothing 555 the RF map by adopting a 2D averaging filter with a 5-pixel radius, we applied Otsu's method for 556 global image thresholding, yielding binary maps. Next, we used the Matlab function 557 bwboundaries.m to trace the exterior boundaries of the area containing "on" pixels. Note that the 558 resulting contour lines representing RF boundaries were determined for visualization purposes 559 only (as in Supplementary Fig. S10A, B) and not used to compare RF maps across conditions. 560 To measure the amount of shift between RF maps for different gaze directions, the smoothed 561 probability maps were cross-correlated using a normalized 2D cross-correlation approach and the 562 shift measures obtained tested for significance by resorting to a bootstrapping method similar to 563 Daddaoua and coworkers 18 . Briefly, since each part of the area of interest had been probed six 564 times, we calculated six RF maps for each gaze direction. The resulting six RF maps were used to 565 generate 1,000 RF maps by randomly (with replacement) selecting individual pixels from the 566 individual six maps. This was carried out for each gaze direction. We then performed 1,000 2D 567 cross-correlations between the resulting two RF map sets for each of the three pairs of gaze 568 directions. We extracted the spatial coordinates associated with the maximum cross-correlation 569 coefficient for each pair, allowing us to generate two distributions (each containing 1,000 values) 570 for the x-and y-coordinates ( Supplementary Fig. S6D ). The means of these two distributions 571 describe how much one should displace the RF map obtained for one gaze direction over the other 572 gaze RF map to have both RFs overlapping. The means of the x-and y-distributions were taken as 573 measures of the actual RF displacement. In order to test for significance, we generated noise 574 distributions of the x-and y-components of spatial shifts by cross-correlating 1,000 pairs of RF 575 maps for the same gaze direction and comparing the resulting distributions with the ones for the 576 comparison of two gaze directions, using unpaired t-tests (p<0.05).
577
Characterizing the orientation preference of V1 neurons and its dependence on gaze 578 direction 579 Orientation tuning curves were assessed using drifting Gabor gratings present for 450 ms duration 580 followed by 450 ms black screen. The grating appeared in an aperture of a diameter adjusted 581 qualitatively for each neuron after being centered on the receptive field, the grating frequency and 582 the speed of movement were selected to meet the spatial and temporal frequency requirements of 583 the recorded neuron as suggested by prior qualitative testing with a limited set of test gratings. The 584 orientation space was probed by moving the optimal grating in one of 180 directions differing by 585 multiples of 2° drawn at random from trial to trial. Each movement direction was presented twice. 586 To determine whether a given neuron was orientation or direction selective, we generated polar 587 plots of discharge as function of grating movement direction by reverse correlating spikes with 588 grating direction. We then applied a Fast Fourier Transformation (FFT) to the polar plot 19 . The circular means of the discharge rate cannot assess the preferred grating direction for orientation 596 selective neurons as they have similar responses to two opposite directions of grating motion, we 597 used a FFT to assess the preferred direction for all neurons. The preferred directions of both 598 orientation and direction selective neurons were determined by fitting the three components of the 599 spectral response function with the discharge rates. The peak of the fit to estimate the grating's 600 direction giving rise to the largest discharge rate was taken as the preferred direction, and the 601 direction perpendicular to it was taken as the grating's preferred orientation. After that, we tested 602 the significance of the given neuron's tuning function using a Rayleigh test as follows: If a neuron 603 was classified as direction selective we applied a Rayleigh test directly to its tuning function. In 604 case the neuron was classified as orientation selective we considered the two lobes of the polar 605 plot separately and applied Rayleigh tests to both. All orientation selective neurons had both lobes 606 passing the Rayleigh test. More than 90% of our recorded neurons were orientation selective based 607 on the aforementioned criteria. We assessed the tuning curves of each neuron for at least two gaze 608 directions if not three. In order to quantify the amount of shift of the preferred orientation from 609 one gaze direction to a second one, we resorted to cross-correlation with bootstrapping statistics. 610 The procedure started with increasing the number of repetitions for each condition. To this end, 611 we reconstructed the tuning curves by combining data from two neighboring directions each, 612 thereby increasing the number of trials available for each bin, now spanning 4°, to four. The 613 responses in the four trials were used to generate four individual tuning curves. Based on these 614 four original tuning curves we constructed 100 new ones by randomly (with replacement) 615 combining bins from the four original tuning curves. These 100 tuning curves were generated for 616 each gaze direction and served as the basis for the calculation of cross-correlation functions 617 between orientation curves for the central and each eccentric monitor (giving 2 × 100 cross-618 correlation functions) and between the two eccentric monitors (yielding 1 × 100 cross-correlation 619 functions). Similar to the statistical analysis of RF shifts, we extracted the angular coordinates 620 associated with the maximum cross correlation coefficient, which resulted in 100 values for each 621 comparison (Supplementary Fig. S6C ). Note, that we deployed a standard 1D cross-correlation 622 rather than a circular correlation in a polar coordinate system, as they both gave the same outcomes. 623 Using a t-test, we examined if these 100 values were different from the 100 values of maximum 624 cross-correlation coefficients produced for the same condition, taken as a measure of noise. In 625 order to determine the ability of this procedure to detect changes in preferred orientation when 626 shifting gaze across monitors, we simulated the expected changes by shifting randomly chosen 627 tuning curves from the recorded neurons by a variable angle drawn from a discrete set of possible 628 shifts (2, 4, 6, 8, and 10°). We then subjected the new data set (shifted) to the bootstrapping analysis 629 described before. As shown in Supplementary Figures S7A and B , this simulation established 630 that the bootstrapping analysis allowed us to detect significant shift angles down to 2°. We ran the 631 bootstrapping analysis also on the original data, i.e. without the step of combining neighboring 632 bins. As summarized in Supplementary Figure S7C , the result was similar, yet characterized by 633 a lack of statistical power. Finally, we also confirmed that the level of noise characterizing the 634 orientation tuning function of individual neurons did not influence our measurement of OUI 635 (Supplementary Fig. S7D) . 636 Measuring the angular shift of the orientation preference (population analysis) 637 First, we normalized all neurons' orientation tuning curves by scaling discharge rates for the 638 various grating directions relative to the discharge rate for the preferred direction set to 1. Next, 639 we rotated the orientation tuning functions obtained for the central monitor such as to align the 640 preferred direction of a neuron with the head-centered horizontal (Supplementary Fig. S8A ; B 641 for M1 and M2). We then rotated a given neuron's tuning curve for the eccentric monitors by the 642 same amount. We kept all tuning curves at their original resolution, partitioning the range of 643 possible orientations by bins of 2°. Figure 2D depicts the resulting normalized population 644 orientation tuning functions for the three monitor positions on top of each other in a head-centered 645 FOR. To measure the amount and the significance of the angular shift between two populations' 646 tuning functions for pairs of gaze directions, we used the 1D cross-correlation and bootstrapping 647 procedures described before for single neurons.
648
Measuring eye torsion 649 In order to determine the eye torsion associated with the three gaze directions, we analyzed high 650 resolution images of both eyes, taken at 1 image/second as described in detail in Daddaoua and 651 coworkers 20 . In brief, the torsional position was determined by identifying clearly visible 652 landmarks on a small ink tattoo applied to the sclera ( Supplementary Table S2 ). Next, a line was 653 drawn between a distinct part of the landmark and the center of the pupil. By subtracting the 654 orientation of the line for the central monitor from the orientation of the line for eccentric monitors, 655 we could calculate the amount of torsion induced by oblique fixation. For more details see 656 Daddaoua and coworkers 20 . Since we acquired hundreds of images in each session (for each eye 657 one per second), the measurements were semi-automated through a pattern recognition approach: 658 We started by determining the orientation of the line connecting the landmark and pupil in the first 659 image as explained before. This orientation served as reference for subsequent images of the same 660 eye for one experimental session and gaze direction. To measure the orientation in the subsequent 661 images automatically, we first selected the pupil position on the reference image (RI) manually. 662 Then, using 2D cross-correlation between the pupil in RI and the following image, we were able 663 to detect the pupil position on all following images. This is possible since the resulting cross- 
